ABSTRACT In recent years, the soybean aphid, Aphis glycines Matsumura, has become the most important exotic pest of soybean, Glycine max (L.) Merrill, in North America. Given the signiÞcant yield losses that are reported, considerable effort has been expended to characterize the natural enemy community associated with this pest. Several indigenous and naturalized predators have been identiÞed as potential biological control agents, and these include carabid beetles, an abundant and important family of aphid predators. The objectives of this study were to assess the incidence of Þeld predation by Pterostichus melanarius (Illiger), the most common carabid species in Qué bec soybeans, using molecular gut-content analysis, and to quantify its impact on A. glycines populations through laboratory and Þeld cage experiments. Throughout the growing season between 16.8% (during low aphid density) and 33.7% (at times of high aphid density) of P. melanarius tested positive for aphid DNA. Furthermore, although laboratory feeding trials conÞrmed that P. melanarius prey on A. glycines, short-term Þeld cage experiments failed to demonstrate a signiÞcant reduction of A. glycines populations by carabid beetles. These results suggest a relatively weak interaction between P. melanarius and A. glycines when pest densities are high, but the high predation rate when aphid densities are particularly low suggests these natural enemies may function as important early-season predators.
Generalist predators play an important role in pest control in agroecosystems , providing relevant economical services to growers (Ö stman et al. 2003) . Within this complex of natural enemies, ground beetles, particularly the Carabidae, have been identiÞed as effective beneÞcial insects with demonstrated value in controlling pest populations in several crops (e.g., Kromp 1999 , Symondson et al. 2002 ). An extensive literature has been published on interactions between cereal aphids and carabid beetles in northern Europe (see Kromp 1999) and the most common carabid species are frequently integrated into pest management programs.
The diet of predaceous carabid beetles is particularly diverse, feeding on a variety of resources including arthropods, slugs, earthworms, seeds, and decaying organic matter (Lundgren 2009 ). Most signiÞcant, in the context of aphid pest management, is that some species show a particular preference for aphids (Bilde and Toft 1997 , Kielty et al. 1999 , Mundy et al. 2000 and this can be complicated by evidence suggesting that aphid consumption can increase (Kielty et al. 1999, Lang and Gsö dl 2001) or decrease Toft 1994, 1997; Lang and Gsö dl 2001) in presence of alternative prey. In addition, a mixed-diet that includes aphids tends to increase carabid Þtness compared with aphid-only diets (Wallin et al. 1992 , Madsen et al. 2004 , Harwood et al. 2009a ) because their low nutritional quality negatively impacts egg hatching success, larval development and fecundity (see review in Toft 2005) . Nevertheless, aphids can represent a signiÞcant proportion of their diet under open-Þeld conditions (Sunderland and Vickerman 1980 , Sunderland et al. 1987 , Winder et al. 2005 , GrifÞths et al. 2008 .
Although carabid beetles often show promise as aphid biological control agents under laboratory conditions, these results are sometimes contradicted in studies conducted in the Þeld, their polyphagous feeding habits have been used to doubt their role in biological control compared with more speciÞc aphidophagous predators (e.g., coccinellids, lacewings, syrphids). However, the effectiveness of carabid beetles as biological control agent of aphids has primarily been observed in early (Edwards et al. 1979 , Lang 2003 or mid-season (Lang et al. 1999 ) crop cycles, when levels of infestation are relatively low and/or aphids are immigrating into the crop. The spatial distribution of aphids could also inßuence predation, as aggregated aphids may beneÞt from enemy-free space (Bommarco et al. 2007) . Therefore, because of the complex interactions between ground beetles and aphids in nature, complementary experimental ap-proaches are required to quantify the role of carabid beetles in biological control.
In recent years, molecular techniques have significantly improved our understanding of insect ecology and diversity (e.g., Behura 2006 , King et al. 2008 ) by complementing studies conducted in experimental arenas (e.g., microcosm, mesocosm, Þeld cage) and observational Þeld studies. Predator gut-content analysis using polymerase chain reaction (PCR) is a technique to study predatorÐprey interactions in nature without disturbing protagonists (reviewed by Symondson 2002 , Sheppard and Harwood 2005 , Harwood and Greenstone 2008 , King et al. 2008 ). This technique is particularly suited to studying the ecology of carabid beetles which tend to forage nocturnally when direct observational information is difÞcult to obtain. Indeed, it has been successfully used for the study of predation by carabid beetles in a variety of agroecosystems (e.g., Harper et al. 2005 , Juen and Traugott 2007 , King et al. 2010 , Szendrei et al. 2010 , Eitzinger and Traugott 2011 , Eskelson et al. 2011 and revealed an array of ecological interactions that were previously difÞcult to delineate.
Aphis glycines is an pest of Asiatic origin that was reported Þrst in North America in 2000 (Venette and Ragsdale 2004 ) and has became the most important economic pest of soybeans, Glycine max (L.) Merrill (Ragsdale et al. 2011) . Since detection, extensive surveys, classical biological control expeditions, laboratory trials, and Þeld-cage experiments have been conducted to identify candidate natural enemies for biological control (reviewed by Ragsdale et al. 2011) . Although ground predators have received less attention than foliage-dwelling aphidophagous coccinellids and anthocorids, the assemblage of carabid beetles that are associated with soybean Þelds are particularly abundant in the northeastern United States (Hajek et al. 2007 ) and eastern Canada (Firlej et al. 2012) . These studies revealed the potential importance of epigeal carabid beetles in biological control, given their diversity and voracious feeding habits on target pests. Functioning as an important predator that has the capacity to prevent plant recolonization by pestiferous aphids, these generalist predators form an important part of the assemblage of natural enemies in crop systems and research is required to characterize their role in soybean aphid food webs. Therefore, the objective of this study was to measure the role of Pterostichus melanarius (Illiger) (Coleoptera: Carabidae), which represents Ͼ80% of carabid beetles in soybean Þelds in Quebec (Firlej et al. 2012) , as a potential biological control agent of A. glycines. Using molecular and ecological approaches in both the laboratory and Þeld, we calculated the incidence of A. glycines predation by P. melanarius, and examined the effectiveness of carabid beetles in controlling A. glycines populations early in the season. (Rhainds et al. 2008 ). Sampling of P. melanarius started when soybean plants were at the Þrst or second reproductive stage (R1 or R2), depending on locality. None of the soybean Þelds received insecticide treatments during the study. Global positioning system (GPS) coordinates, surface area (hectares), distance between rows, and peak density of aphids in the Þve soybean Þelds were published in Rhainds et al. (2008) (Table 1) .
Materials and Methods

Field
Pterostichus melanarius used for molecular gut-content analysis were sampled using dry pitfall traps (10 cm in diameter, 7 cm in depth) that were ßush with the soil surface. Eight or nine traps were installed in the center of each Þeld along two or three transects Ϸ50 m from Þeld margins. Traps along a transect were separated by 10 m and each transect also was separated by 10 m to avoid interference between traps. Each transect was aligned perpendicular to the shorter Þeld margin. Pterostichus melanarius, being nocturnal (Lindroth 1992), was sampled at night, traps were opened at 2100 hours, and insects recovered at Ϸ0700 hours the next morning. This short period allowed the capture of live individuals during their feeding activity and minimized the degradation of aphid DNA in the carabid gut. Aphis glycines population density was measured by visual counting (see Rhainds et al. 2008 for details on aphid scouting) and calculated as the total number of aphids per plant.
Molecular Gut-Content Analysis. Molecular gutcontent analysis was used to estimate the incidence of predation on A. glycines by Þeld-collected P. melanarius, and to determine prey DNA detection success over time (DS 50 ) for this predatorÐprey association. SpeciÞc protocols were designed for DNA extraction, selection of primers targeting A. glycines, PCR ampliÞcation, and migration on electrophoresis gel. DNA Extraction. Using sterile plastic pestles, whole predators were crushed and homogenized in 300-l grinding buffer (recipe in Bender et al. 1983 ) in 1.5-ml microcentrifuge tubes and incubated at 65ЊC for 30 min. After incubation, 28 l of 8M-potassium acetate was added to each tube and specimens were further incubated on ice for 30 min. Samples were subsequently centrifuged at 14 000 g for 15 min and the supernatant was incubated at room temperature for 5 min with 100 l of 100% ethanol. Samples were centrifuged one further time at 14,000 g for 15 min. The supernatant was removed and the remaining pellet was washed with 100 l of 70% ethanol followed by 100% ethanol. Between washes, samples were centrifuged 3 min at 14,000 g. After removing ethanol, the samples were dried for 30 s in a SpeedVac Plus concentrator SC110A vacuum (Savant Instrument Inc., Hicksville, NY) and the DNA pellet was resuspended in 100-l Tris-EDTA buffer (10-mM Tris-HCl/1 mM EDTA, pH 8.0). DNA from individuals used in the feeding trials was extracted with an E.Z.N.A. kit (Omega Bio-Tek Inc, Doraville, GA).
Primer and PCR Amplification. To avoid false negative reactions, all samples were screened against general primers (see King et al. 2008 for explanation). For the detection of A. glycines, COI sequences were obtained from GenBank and primers were designed using "Primer 3" software. Forward (5Ј-ACCTGCTG-GATCGAAAAATG-3Ј) and reverse (5Ј-TCAAAT-TCCTTTATTCCCATGA-3Ј) primer sequences were designed, with a Þnal product of 136 pb. AmpliÞcations were performed in a 25-l reaction volume containing 2 l of genomic DNA, 0.2-mM dNTPs; 0.4 M of each primer, 2.5-U TaqDNA polymerase (GenScript, Piscataway, CA); one X manufacturerÕs buffer at 1.5-mM MgCl 2 and adjusted with sterile water added containing bovine serum albumin at 0.2% (Þnal concentration of 0.1% in 25-l reaction). Cycling conditions were one cycle at 94ЊC for 3 min, followed by 45 cycles of 94ЊC for 30 s, 52ЊC for 45 s, and 72ЊC for 1 min, with a Þnal cycle of 72ЊC for 7 min. Electrophoresis of PCR product was done at 100 V in a 1.5% agarose gel stained with ethidium bromide (0.1 mg/l). Two negative (one adult carabid elytra and another well containing molecular grade water) and one positive (A. glycines) control were included on all gels. Primers were screened against a broad range of nontarget species (listed in Eskelson et al. 2011) , including additional nontargets common at the Þeld site (Coleomegilla maculata lengi Timberlake, C. septempunctata, Harmonia axyridis Pallas, and Propylea quatuordecimpunctata L. [Coleoptera: Coccinellidae]).
DNA Decay Rate Trials. Adult P. melanarius were collected in three soybean Þelds in St-Mathieu-deBeloeil, St-Charles-sur-Richelieu, and La Pré sentation (Qué bec, Canada) by using dry pitfall traps in the same experimental design as described above. Individuals were kept at 20 Ϯ 2ЊC and 60% RH in plastic boxes with organic soil and food (ground beef, cat food, and aphids) that was replenished every 2 d. Feeding trials were performed to determine the prey DNA detectability success (DS 50 ) in P. melanarius gut after consumption of aphids. The prey DNA detectability success (DS 50 ) represents the time after a predation event from which 50% of predators are tested positives to the prey DNA. Male and female beetles were starved for 14 d before feeding trials. Each starved individual was placed in a petri dish (10 cm in diameter) and allowed to feed on fourth-instar A. glycines for 1 h. Individuals that were observed as feeding on aphids were frozen at 0, 4, 12, 24, 48, and 72 h after feeding. For each time interval, 10 male and female P. melanarius were frozen for analysis, and 10 starved individuals were used as negative controls. DNA extraction and screening procedures follow those described in detail above.
The feeding trial data were analyzed by generalized linear model and a logistic regression was obtained to characterize the relationship between time after feeding and presence/absence data for aphid DNA in carabid guts. The link function logit and the Generalized Linear model (GZLM) were calculated using SPSS 17.0 (SPSS 2002).
Calculation of Predation Capacity of P. melanarius. A feeding trial consisting of 20 replicates per treatment was performed to estimate the capacity of P. melanarius to feed on A. glycines during a 24-h period. One carabid beetle (female or male) was placed in a petri dish (10 cm in diameter) with a single soybean leaf supporting a mixed age class of 15 A. glycines (late instar nymphs and apterous adults). The total number and age of aphids remaining on the leaf and in the petri dish was recorded after 24 h. A control treatment followed protocols and replicates as above, except no carabid beetle was added. The increase in numbers of A. glycines was evaluated by t-test (JMPin, SAS Institute) by using protocols described elsewhere (Rutledge et al. 2004 , Rutledge and OÕNeil 2005 , Hajek et al. 2007 .
Impact of Carabid Beetles on A. glycines Populations in Field-Cages. In 2006, a Þeld-cage experiment was performed in a soybean Þeld in Verchè res (Quebec, Canada) to assess the short-term impact of four carabid beetles on A. glycines. Plants and insects were enclosed in large (1-m by 1-m by 1-m) screen cages (110-by 150-m mesh) with the bottom buried (50 cm) in the soil to prevent insect emigration and immigration. Two rows containing an average of 31.4 Ϯ 4.2 soybean plants at the R4 growth stage were enclosed in the cage. Fifteen cages were established at random on three transects in the Þeld and Þve cages were placed on each transect with a minimum distance of 15 m between cages. Installation of cages was undertaken 3 d before carabid introduction, and four pitfall traps Þlled with 70% alcohol were placed within each cage. The traps remained open for 3 d to maximize the catch of epigeal species. All arthropods present on the foliage were removed manually. After 3 d, Þve apterous A. glycines of mixed age class (fourth nymphal instar or adults) were introduced onto each plant and carabid beetles (trapped at this Þeld site on the night before introduction) were introduced 3 d later when density of A. glycines in cages reached an average of 60 individuals per plant. The assignment of treatments Treatment three was used to simulate the relative proportion of each species typically found in Þeld sites in Quebec (data not shown); all four species are reported to prey on aphids (Larochelle 1990 ). We performed Þve replicates per treatment for 15 cages in total. The number of A. glycines was recorded by counting aphids on all plants when carabid beetles were introduced and again at the end of the experiment (after 7 d). Aphid number was expressed as per capita aphid population growth in each treatment: (Þnal aphid count Ϫ initial aphid count)/(initial aphid count) and analyzed between treatments by one-way analysis of variance (ANOVA) (JMPin, SAS Institute) with comparisons between treatments using TukeyKramer test (P Ͻ 0.05).
Results
Primer Specificity and Decay Rate. This primers elicited high speciÞcity to aphids but did not discriminate between DNA from A. glycines and Þve other aphid species [Aphis cracivora Koch, Aphis pulcella Hottes & Frison, Acyrthosiphum pisum (Harris), Myzus persicae (Sulzer), and Hyadaphis pseudobrassicae (Davis)]. All other nontarget prey screened against these primers (listed in Eskelson et al. 2011 , and above) were not ampliÞed. Results of the carabid feeding experiment revealed that 100% of beetles screened positive for aphid DNA immediately after feeding, but rapidly declined thereafter (Fig. 1) Of the 495 P. melanarius captured, a subsample of 282 individuals was analyzed by PCR (62 in mi-July, 112 in early August, and 108 mid-August) (Fig. 2) and between 16.8 and 33.7% of P. melanarius analyzed screened positive for aphid DNA (Fig. 2) . Although statistical analysis of the relationship between aphid density and predation rates was not possible, when population of aphids in the Þeld were low (e.g., during mid-July), a high predation rate was observed (16.8% of P. melanarius analyzed tested positive for aphid DNA). This increased to 33.7% screening positive for aphid DNA, despite aphid populations being Ϸ50ϫ greater in mid-August compared with mid-July (Fig. 2) .
Calculation of Predation Capacity of P. melanarius. In the laboratory, an average of 21.2 Ϯ 9.3 A. glycines (all stages combined) remained in petri dishes containing P. melanarius, signiÞcantly less than the nopredator control (33.1 Ϯ 16.5 aphids) (t-test: t ϭ Ϫ2.809; df ϭ 38; P ϭ 0.0078).
Impact of Carabids on A. glycines Populations in Field-Cages. Before the introduction of carabid beetles, soybean plants in each treatment supported Ϸ60 aphids per plants and did not differ between treatments (ANOVA: F ϭ 1.208; df ϭ 2,14; P ϭ 0.333). Seven days after carabid introduction, there was no signiÞ-cant difference in total number of aphids between treatments (ANOVA: F ϭ 0.712; df ϭ 2,14; P ϭ 0.360) (Fig. 3) .
Discussion
Utilizing both laboratory and Þeld experiments, this study examined the trophic interactions between A. glycines and carabid predators to aid in our understanding of factors that regulate these pest species. The development and use of a new primer pair targeting A. glycines revealed that P. melanarius, the dominant carabid in soybean agroecosystems in Qué bec (Firlej et al. 2012) , do indeed prey extensively on aphids in the Þeld, with up to 33.7% screening positive for aphid DNA. However, Þeld-cage experiments showed that carabid beetles do not have a strong impact on A. glycines population growth at moderate infestation levels (60 aphids per plant).
Molecular development of primers to study food web interactions relies on their speciÞcity to target prey. Although the primers developed in the current study did not discriminate between DNA from A. glycines and Þve other aphids, this does not complicate results from the current study, because A. glycines is the only aphid species reported infesting soybean in Qué bec (Breault et al. 2011 ). Presence of weeds that could support other aphid species was minor because most Þelds sampled were under conventional farming practice (weed removal through herbicide application and manual labor). Furthermore, it is very unlikely that P. melanarius captured in pitfall traps originated from neighboring crops infested with other aphid species given the limited dispersal capacity of this species, which ranges from 0.4 to 58 m per 24 h (Wallin and Ekbom 1988 , Lys and Nentwig 1991 , Thomas et al. 1998 , and pitfall traps were located in the center of each Þeld with a surface between 2 and 45.6 ha (Rhainds et al. 2008 ). This fact, coupled with the window of detection for aphid DNA (see below) clearly indicates that any nontarget aphid DNA in predator guts will likely have been digested before capture. In our study, the calculated DS 50 of 12.3 h for P. melanarius when feeding on A. glycines is duration equivalent to the Þeld-sampling period (12 h). Such a pattern indicates that the proportion of P. melanarius captured in the Þeld and testing positive for aphid DNA is a reliable portrait of predator activity throughout the night. This highlights the need for extensive testing of new primer pairs but only in the context of the research site being evaluated.
Open Þeld molecular gut content analyses offer the opportunity to assess biological control under natural conditions and revealed that P. melanarius commonly fed on aphids in real production soybean Þelds. Overall, 27.4% of these carabid beetles contained detectable quantities of aphid DNA in their guts, with a maximum of 33.7% in mid-August when aphid populations peaked. However, generalist predators rarely, if ever, exert control on pest species during periods of maximal population growth or density. Rather, their primary role is supposed to be maximized early in the season because of their lying-in-wait strategy when they are sustained on nonpest food resources and impact pests with favorable predator: pest ratios during colonization (Settle et al. 1996 , Ishijima et al. 2006 . Particularly signiÞcant in the context of the current study was the high incidence of predation by P. melanarius early in the season when aphid density was very low (Fig. 2) .
The concept of early-season control has been supported by mathematical models (Fleming 1980 ) and a variety of empirical studies that have suggested signiÞcant early-season control could be exerted by generalist species on colonizing pest populations (Edwards et al. 1979; Chiverton 1987; Landis and van der Werf 1997; Harwood et al. 2007 Harwood et al. , 2009a . For example, this concept of early-season predation was reported for the generalist predator Orius insidiosus Say (Hemiptera: Anthocoridae) collected in soybean Þelds in Indiana (Harwood et al. 2007 ). Although predation rates were higher for O. insidiosus, these observations led the authors to conclude that O. insidiosus could play a major role in controlling A. glycines populations at certain times of the year. It remains unclear what mechanisms drive early-season foraging on scarce prey by generalist predators, but its existence could be particularly signiÞcant when developing biological control strategies. Greater temporal and spatial resolution on the foraging dynamics of carabid beetles in soybean Þelds could provide a reliable means of understanding the role these voracious generalist predators play in A. glycines biological control.
Feeding trials in this study conÞrmed that P. melanarius actively feed on A. glycines but, coupled with results from the cage experiment, they also suggest that carabid beetles are unlikely to impact A. glycines populations once a critical population threshold is reached. Infesting soybean plants in Þeld cages with apterous A. glycines of mixed age class could have induced different rates of offspring production that could explain high variability in the Þnal aphid population and the absence of signiÞcant differences between treatments. An additional explanation for the lack of impact on aphid populations in Þeld cages could be because of patterns of food choice and foraging behavior, although predation by P. melanarius has been reported on cereal aphids in the Þeld (e.g., Holland et al. 1996 , Bilde and Toft 1997 , Kielty et al. 1999 . Pterostichus melanarius is primarily a grounddwelling predator and without synergistic interactions with other natural enemies (e.g., coccinellids) the likelihood for exposure to dropping aphids could be low. In addition, very few carabid species develop and reproduce successfully on an aphid diet (Toft 2005) and they usually only beneÞt from aphids as part of a mixed diet (Harwood et al. 2009b) .Aphids are a relatively low quality prey resource (Snyder et al. 2000) and Toft (2005) argued that generalist carabid beetles consume aphids only to satisfy their food demand when other prey are at low density. These arguments could, in part, explain why the percentage of P. melanarius screening positive for aphid DNA only doubled despite a 100-fold increase in numbers of A. glycines in the Þeld (Fig. 2) .
Despite the conßicting evidence between the predation reported by molecular gut content analysis and the feeding trials which raise questions regarding the regulatory capacity of generalist carabids on A. glycines, these natural enemies clearly prey extensively on A. glycines in the Þeld. Given this fact, as part of the assemblage of natural enemies they could provide some level of biological control service in soybean crops. As reported in other studies, carabid beetles are unlikely to prevent large aphid infestations (Holland et al. 1996, Holland and Thomas 1997) but they could restrict their development rate when pest density is low (Edwards et al. 1979 , Lang et al. 1999 , Lang 2003 , Winder et al. 2005 . The potential ÔbufferingÕ effect of P. melanarius toward A. glycines populations in soybean Þelds early in the season therefore deserves further attention and impact on crop yield and pest damage thresholds needs to be further examined.
